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[57] ABSTRACT 

A predistortion signal is generated which compensates for 
third order and higher order intermodulation distortion over 
a wideband. The predistortion signal is applied to an input 
radio frequency signal, for example a multi-tone radio 
frequency signal. The predistortion signal is a low order 
polynomial having adjustable coefficients. The predistortion 
signal can compensate for intermodulation products pro- 
duced a nonlinear amplifier, and the polynomial coefficients 
can be adjusted based on the difference between the ampli- 
fier output and the input radio frequency signal. 

20 Claims, 6 Drawing Sheets 
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METHOD AND APPARATUS FOR 
WIDEBAND PREDISTORTION 
LINEARIZATION 

TECHNICAL FIELD OF THE INVENTION 
This invention relates to a method and apparatus for 
compensating for distortion. More particularly, this inven- 
tion relates to a method and apparatus for wideband predis- 
tortion linearization. 

DESCRIPTION OF RELATED ART 

Radio frequency (RF) signals often contain envelope 
variations due, for example, to amplitude modulations or the 
combination of two or more RF carriers or RF tones. 
Inter-Modulation Distortion (IMD) results if these amplitude 
modulated or multi-tone RF signals are, for example, ampli- 
fied by nonlinear amplifiers. IMD causes undesired inter- 
ference to be generated at frequencies other than the tone 
frequencies of the multi-tone RF signal. ITiis interference 
typically occurs at frequencies close to the tone frequencies 
and is thus difficult to filter out. Some form of linearization 
is therefore desirable in order to suppress IMD caused by 
nonlinear amplification. 

In ampUfier design, there is a trade off between distortion 
performance and eflfidency. Linear amplifiers which operate 
under "Class A" conditions create little distortion but are 
inefficient, whereas nonlinear amplifiers operated under 
"Class C conditions are reasonably efficient but introduce 
significant distortions. While both efficiency and distortion 
are important considerations in amplifier design, efficiency 
becomes increasingly important at high power levels. 
Because of their efficiency, nonlinear amplifiers are largely 
preferred, leaving the problem of distortion to deal with. 

There are a number of known amplifier linearization 
techniques for reducing the distortion caused by nonlinear 
amplification. Conventional amplifier linearization tech- 
niques can be broadly categorized as Feedback, 
Feedforward, or Predistortion. 

Feedback is a well known linearizatioo technique which 
has been extensively applied. For example, U.S. Pat. No. 
2,102,671 to Black discloses an early negative feedback 
Unearization technique for reducing distortion at audio fre- 
quencies. H. A. Rosen and A. T. Owens, "Power Amplifier 
Linearity Studies for SSB Transmissions", IEEE Transac- 
tions on CommunicatioD Systems, pp. 150-159, June 1964 
discloses a feedback linearization technique for reducing 
distortion at radio frequencies. A more recent feedback 
technique is Cartesian Feedback which uses negative feed- 
back of a baseband quadrature modulation. An example of 
this type of feedback is disclosed in M. A. Briffa and M. 
Faulkner, "Stability Analysis of Cartesian Feedback Linear- 
ization for Amplifiers with Weak Nonlinearities", lEE Pro- 
ceedings on Communications, Vol. 143, No. 4, pp. 212-218, 
August 1996. Other modem feedback linearizadon tech- 
niques include Polar Feedback, which is discussed in U.S. 
Pat, No. 5,023,937 to Opas, and Intermediate Frequency (IF) 
Feedback, which is disclosed in K. G. Voyce and J. H. 
McCandless, "Power Amplifier Linearization Using IF 
Feedback*', IEEE MTT-S Digest, pp. 863-866, 1989. 

A problem with these feedback linearization techniques is 
that system delays typically limit the available linearization 
bandwidth. Feedback techniques are thus usually restricted 
to narrowband systems, e.g., single carrier linear modulation 
schemes. Another disadvantage with these feedback linear- 
ization techniques is that they are potentially unstable. 

Feedforward is another well known linearization tech- 
nique which has been successfully applied at radio frequen- 



'5,411 

2 

cies. A typical feedforward RF power amplifier is disclosed 
in U.S. Pat. No. 5,157,346 to Powell et al. According to this 
technique, the amplified output is compared with the input 
signal in a first comparison loop to yield an error signal. The 

S error signal is amplified and reintroduced to the output, 180* 
out of phase with the original distortion in the output, in a 
second correction loop, thereby canceling the distortion in 
the final output. This technique provides excellent IMD 
suppression over a wide linearization bandwidth. 

10 A drawback of the feedforward linearization technique is 
that it typically requires the use of an error amplifier which 
needs to be linear and is hence generally operated in Qass 
A. This reduces the efficiency of the feedforward technique, 
although a feedforward amplifier is still more efficient than 

1^ a Class A amplifier with comparable performaoce. 

Another well known linearization technique is predistor- 
tion. According to this technique, linearization is achieved 
by distorting an input signal according to a predistortion 
function in a manner that is complementary to the amplifier 
distortion such that the overall transfer from predistorter 
input to amplifier output is a linear function. 

The predistortion technique can be applied cither at actual 
RF frequencies or at baseband, i.e., before modulation with 
an RF carrier. When applied at RF frequencies, the predis- 
tortion technique exhibits wideband linearization perfor- 
mance. However, because the predistortion function 
becomes more complicated and thus more difficult to imple- 
ment for higher order distortion, the predistortion technique 
typically only reduces IMD products up to the third order. T. 
Nojima and T. Konno, "Cuber Predistortion Linearizer for 
Relay Equipment in 800 MHz Band Land Mobile Telephone 
Systems", IEEE Transactions on Vehicular Technology, Vol. 
VT-34, No. 4, pp. 169-177, November 1985 and U.S. Pat. 
No. 4,943,783 to Nojima disclose a typical cubic predis- 
torter which reduces IMD products up to the third order. 

FIG. lA illustrates a conventional cubic predistorter 1 
such as that disclosed in Nojima and Konno. An input RF 
signal received al an input terminal 2 is spht by a power 

40 splitter 4 into two signals of substantially the same amph- 
tude. One of the split signals is appHed to a hnear signal path 
which contains a variable delay tine 9. The other split signal 
is appUed to a nonlinear signal path which contains a third 
order function generator 6, a variable phase adjuster 7, and 

45 a variable attenuator 8. The third order function generator 6 
generates a third order predistortion signal based on the 
received input RF signal and outputs the predistortion signal 
at terminal 12. The variable phase adjuster 7 adjusts the 
phase of the predistortion signal, and the variable attenuator 

50 8 adjusts the amplitude of the predistortion signal. The 
amplitude and phase adjusted predistortion signal is com- 
bined with the hnear signal supplied from the delay line 9 in 
a combiner 5. The combined signal is delivered at terminal 
10 to the RF power amplifier (PA) 13. In this manner, third 

55 order IMD products caused by the RF PA 13 are eliminated 
in the amplified signal, thus Imearizing the RF PA 13. 
Wideband linearization can be achieved if the delay line 9 
compensates for the delay incurred in producing the predis- 
tortion signal. 

60 FIG. IB shows a spectrum of an RF signal comprising 
two tones at f j, and that may be applied to the predistor- 
tion circuit 1. FIG. IC illustrates an output spectrum of the 
RF PA 13. As shown in FIG. IC, the output spectrum 
includes the fundamental components at f^, and ^2 ^nd tliird 

65 order IMD distortion components at 2fi-f2 and 2f2-fi pro- 
duced by the RF PA 13 as indicated by the sohd fines. The 
output i^ectrum also includes third order predistortion com- 
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ponents at frequencies 2^^'^2 and 2f^-fj^ injected by the 
predistortion circuit 1 as indicated by the broken lines. As 
can be seen in FIG. IC, the injected third order predistortion 
components are of equal amplitude but opposite phase to the 
third order IMD products of the RF PA 13. Thus, the third 
order predistortion components cancel out the third order 
IMD products. 

A problem with this approach is that RF power amplifiers 
seldom generate only third order IMD products but also 
generate higher order IMD products. Typically, these higher 
order IMD distortion products are not accounted for and 
actually rise when the third order IMD products are sup- 
pressed. 

In an attempt to solve this problem, S. R Stapleton and J. 
K, Cavers, "A New Technique for the Adaptation of Lin- 
earizing Predistorters", Proceedings of the IEEE Vehicular 
Technology Conference, pp. 753-758, May 1991 discloses 
a predistorler for compensating for third and higher order 
IMD products. FIG. 2 shows this improved prcdistorter, 
which essentially comprises three main blocks: a Quadrature 
Gain Phase Adjustgp-(pGPA) 14, a baseband polynomial 
Predistortion ciro/lt (P^eD) 15, and a Controller 16. 

As shown in IHG^Jf an input RF signal is applied to both 
"thTo'GPA 14 anS^ PrcD 15 at an input terminal 17. The 
PreD 15 circuit detects the envelope of the input RF signal 
with a detector 22 and generates two predistortion signals by 
processing the detected envelope through nonlinear function 
generators F^{x) 23 and F^i^) 24. The function generators 
Fi(x) 23 and F2(x) 24 generate in-phase andquadr^cj^(l & 
Q) s ignals Avhich are rnSlifjligd ' wilfft ferlnCQming^signal in 
the ' QtjPA14 toform thi rii order andJBBlLatid^^^ ^ 
comgonesiUr iWculUpUilx luullipiication process combined 
wiffiL^^e of a detected envelope enables both Amplitude 
Modulation to Amplitude Modulation (AM/AM) and Ampli- 
tude Modulation to Phase Modulation (AM/PM) distortion 
to be corrected for but resolved in Cartesian form. 

The complex multiplication is achieved in the QGPA 14 
circuit by first splitting the input RF signal into two paths, 
one which is input into the multiplier 19 and one which is 
input into the multiplier 21. The signal is the same on both 
paths except that the signal input into the multiplier 21 is 
shifted in phase by 90° by a phase shifter 20 in relation to 
the signal input into the multiplier 19. 

The coefficients of the two polynomial functions gener- 
ated in the function generators F^(x) 23 and F2(x) 24 are 
provided by a microprocessor (op) 25 in the Controller 16. 
The microprocessor 25 makes adjustments to the coefficients 
based on the m^gnitjide of in-phase and quadrature feedba ck 
signals deiiiffij iirom^e oUtp U t ol the RT'' FA being lin ear- 
iz eSl^QOt. sboM l The I & Q feedback^ignais are bandpass 
filtered in filters 28 and 29 in order to measure the IMD by 
separating it from the actual desired signal. This is only 
possible if the desired signal being amplified is a single 
carrier signal for which the IMD products are known to lie 
in bands on either side of the single carrier modulation. The 
detectors 26 and 27 determine the magnitude of the band- 
pass filtered IMD so that the microprocessor 25 can adjust 
the coefficients of the predistortion functions to minimize 
this distortion and thus minimize the level of IMD products 
present in the output of the RF PA. 

While this technique compensates for third and higher 
order IMD products, it is onlv_suitable for single ca rrier 
applications. Jn multi-carrier systems, the positions ofTfie 
carriers, and hence the resulting IMD, cannot always be 
obtained with the bandpass filtering approach. This makes 
this technique unsuitable for wideband applications which 
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typically involve multi-tone input signals, the wideband 
nature of these applications resulting from a combination of 
individual narrow band RF signals spaced across some given 
band plan (spectrum). 

5 Digital Signal Processing (DSP) can be applied for more 
elaborate predistortion. For example, U.S. Pat. No. 5,049, 
832 to Cavers discloses an adaptive linearization technique 
employing DSP. A problem with employing DSP is that the 
linearization bandwidth is significantly constrained by the 

10 DSP sampling frequency and the required digital/analog 
converters. Thus, systems using DSP are typically not suit- 
able for wideband applications. 

None of these conventional techniques compensates for 
high order IMD in a wideband application with multi-tone 
RF input signals. In addition, none of these conventional 
techniques distinguish between peak and average level sig- 
nals. 

When tones are combined in a multi-tone system, con- 
structive interference can make the peak of the multi-tone 

^ RF signal significantly large compared to its average level. 
For a nonlinear multi-tone power amplifier to be economical 
and reasonably power efficient, it cannot be dimensioned to 
accommodate the peaks of such a signal. Consequently, 
some of the peaks in the multi-tone signal will be clipped 
when the amplifier saturation limit is exceeded. 

In conventional predistorters, such as those illustrated in 
FIGS. lA and 2, no attempt is made to discriminate between 
operation below or above the saturation limit of the RF PA. 
As a consequence, predistortion is applied to RF input 
signals which would normally cause the RF PA to saturate. 
Once the RF PA has saturated, application of the predistor- 
tion signal has no effect on the amplitude of the output, since 
a large complementary input to the RF PA will not raise its 
output amplitude above its saturated RF output limit. The 
situation for the phase, however, is drastically different. 
Predistortion corrections applied to the phase of the RF input 
signal are transferred to the output With conventional 
predistorters, these phase corrections are grossly incorrect 

^ with respect to peak input signals and hence cause a sig- 
nificant degradation in predistortion performance at such 
peaks. 

There is thus a need for a wideband predistortion tech- 
nique for multi-tone RF signals which compensates for high 
45 order IMD products. There is also a need for a predistortion 
technique which is effective for peak RF input signals. 

SUMMARY 

It is therefore an object of the invention to provide a 

50 technique for compensating for high order IMD products. It 
is a further object of the present invention to prevent the 
degradation of the IMD compensation for peak input signals 
while simultaneously providing a significant improvement 
in IMD compensation for average input signals. 

55 According to an exemplary embodiment of the present 
invention, a predistortion signal is generated which com- 
pensates for third order and higher order IMD products over 
a wideband, and the predistortion signal is appfied an input 
RF signal, for example a multi-tone RF signal. The predis- 

60 tortion function is a low order polynomial having adjustable 
coefficients. The predistortion function is generated based on 
a detected envelope of the input RF signal, thus making the 
predistortion virtually independent of the tone frequency 
The detected envelope is clipped to approximately a hyper- 

65 bolic tan shape and is scaled. The clipping shape approxi- 
mates that of a hyperbolic tan (tanh) function, preventing the 
detected envelope from exceeding a certain value and thus 
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preventing grossly inaccurate predistortion compensation 
when large peaks are present in the detected envelope. 

According to an exemplary embodiment, the predistortion 
signal compensates for IMD products produced by a non- 
Unear amplifier. The coefficients of the polynomial are 
adjusted based on a difference between the amplifier output 
and the input RF signal. 



received at the terminal 30. The received input signal q from 
the terminal 30 is sp lit into two branches of equaLa m plihyd e 
by an input coupler 3:^. (The bold indicates a complex signal, 
the time dependency of which has been suppressed for 
5 clarity.) One branch is fed to a delay element 42. The other 
branch is fed as a signaJjUJIJLSpl4Uo*-34, The Splitter 34 
splits the signal x into two more branches of equal 
amplitude, one which supplies the PreD 37, and one which 
is fed to a 90** Splitter 35. The 90** Phase Splitter splits the 
10 signal x into two branches and multiplies one branch by 0® 
and the other branch by 90", thus resulting in a complex 
signal. 

The PreD 37 generates a predistortion signal p based on 
c , A A the signal x. T^^e 90° Splitter, 3&_enahles t he QGPA36 to 

.Hli^!" ^ ^ ^^'"^ n^I^tiplv the co^^rSor^^^^ n fal the Wetf 

37 w ith the Si frna| y «nH fhwhy aHpigt. thft-ma^nifiiHft wnrf 



BRIEF DESCRIPTION OF THE DRAWINGS 

Exemplary embodiments of the invention will now be 
described in more detail with reference to the accompanying 
drawings, in which like descriptive labels are used to refer 
to similar elements and in which: 



predistorter; 

FIG. IB illustrates a spectrum of a two-tone input RF 
signal applied to the predistorter shown in FIG. lA; 

FIG. IC illustrates a spectrum of an RF PA amplified 
output of the third order predistorter shown in FIG. lA; 

FIG. 2 is a block diagram of a conventional fifth order 
predistorter; 

FIG. 3 is a block diagram of an analog predistortion 
system according to an exemplary embodiment of the inven- 
tion; 

FIG. 4 is a detailed block diagram of an exemplary 
predistortion circuit according to an embodiment of the 
present invention; 

FIG. 5A-5C illustrate the behavior of terms of an exem- 
plary predistorted RF signal in the frequency domain 
according to an embodiment of the present invention; 

FIG. 6A~6C illustrate the behavior of terms of an exem- 
plary predistorted RF signal in the time domain according to 
an embodiment of the present invention; 

FIG. 7A illustrates an exemplary method for compensat- 
ing for distortion according to an embodiment of the present 
invention; and 

FIG. 7B illustrates an exemplary method for generating a 
predistortion signal according to an embodiment of the 
present invention. 

DETAILED DESCRIPTION 

In this description, specific details such as particular 
circuits, circuit components, techniques, etc., are set forth 
for purposes of explanation and not limitation in order to 
provide a thorough understanding of the invention. It will be 
apparent to one of ordinary skill in the art that the invention 
may be practiced in other embodiments that depart from 
these specific details. Details of well known methods, 
devices, and circuits are omitted so as not to obscure the 
description of the invention. 

According to the present invention, third and higher order 
IMD products are compensated for by applying a predistor- 
tion signal to an input RF signal. According to an exemplary 
embodiment of the invention, a predistortion signal is gen- 
erated with analog processing components which allow 
wideband operation. 

FIG. 3 illustrates an exemplary predistortion system 100 
according to an embodiment of the invention. The system 
includes a Predistortion circuit (PreD) 37 which generates an 
analog predistortion signal and a Quadrature Gain Phase 
Adjuster (QGPA) 36 which applies the predistortion signal 
to a multi-lone RF input of an RF PA 13. 

The PreD 37 internally generates an appropriate predis- 
tortion signal based on the multi-tone RF input signal RF^,, 



20 



25 



ph ^of the signal x. The adjusted signal is output from the 
QGPA 36 as a signal r to the RF PA 13. 

The operation of the predistortion system in gain-based 
form can be described mathematically as: 



35 



r-xp 



(1) 



30 



Pi = W^Cji + WCu + Qw 



(2a) 



(2b) 



where |x| is the magnitude of the signal x and Cj,, C^, C^,-, 
C^^ Qx, and Cq^ represent the coefficients of the predistor- 
t ionjsignal which can j )e,adiustc d>byUhc*€ontr<>aei>40. [jl ic 
QG PA 36 can be iinplemented with, for example, two 
multiplier s and a_ siinnmcr.^to, m ulIiplv^th6a,teHiis ^ f., the 
predisil^on signal p by the incoming signal x. 

Equation 1 can be rewritten in an expanded complex form 
as: 



45 



where 



50 



r=xajf|*C2 + WCi+Co) 

Co — Co; 4- jCnq 



(3) 



(4a) 
(4b) 
(4c) 



where r is the predistorted RF signal, x is the RF input, and 
p is the predistortion signal (or dynamic complex gain 
signal) generated by the PreD 37, i.e., p=p,+jp^. The pre- 
distortion signal p can be generated by the PreD 37 in 
Cartesian form as follows: 



55 Referring again to FIG. 3, (^eControUerjJg/adjusts the 
predistortion signal coeflBcientsTjy lUiiimnzmg the differ- 
ence between the ii^itqa^d-a-staled qji^t^f the RF PA 
13. The output v oT"m^^ F PA l_3^ s coupled via a coupler 
47 to an Attenuator ^iSs Qie cg u^led output is scaled in an 

60 Attenuator 43, and the scaled output is coupled via a coupler 
46 to the input signal, the input signal having been delayed 
by the element 42 by an amount substantially equal to the 
delay in the predistortion branch. The Attenuator 43 scales 
the output V from the coupler 47 by an amount 1/G^,, where 

65 G^ corresponds to the gain of the RF PA 13, the gain of the 
coupler 47, etc., so that the gain of the scaled output signal 
matches the gain of the delayed input signal. The scaled 



\ 
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output signal and the delayed input signal are coupled via a 
coupler 45 to a Detector 41 which detects the difference in 
the scaled output signal and the delayed input signal and 
reports this difference as an enor signal e to the Controller 
40. T he Controller 40 adjusts the p redistortion signal coef- 5 
ficicnts C^„ C^^ C2,, and C2^ to mmimi^gtfac crroE^ aaLc. 
inis accounts tor changes in amplifier characteristics that 
occur with temperature and time variations. The Controller 
40 also generates the constant complex coefficients Cq, and 
Cq^ which arc added to the PreD output by the Summers 38 10 
and 39 to correct the static portion of the difference between 
the RF amplifier input and ou tput. The Controfier 40 can be 
implemented with, for example, a microprocessor. 

As can be seen from the gain based predistortion signal of 
Equation 3, without the PreD 37, i.e., with Cj-O, C^^-O, 15 
C..«0, C2^«0=>Ci=0, C2=0, the gain of the QGPA 36 is 
governed by the setting of die complex coefficient, Co=Co,+ 
Co^. Thus, without the PreD 37, the QGPA 36 can only 
adjust the complex gain of the RF PA 13 independently of 
the applied RF input level. Since the RF PA 13 has a 20 
complex gain which varies somewhat as the RF input level 
is varied Le., it is nonlinear, such a fixed adjustment will 
result in zero input-output difference at only one RF level. 
At other levels, the input-output difference will be non-zero. 
Introducing the PreD 37 enables the complex gain to be zs 
varied dynamically as a function of the RF input level and 
hence enables the reduction of the input-output difference 
over a range of RF levels, thus effectively linearizing the RF 
PA 13. Allowing the C^ term in enables the PreD 37 to adjust 
the complex gain of the QGPA 36 in a way proportional to 30 
the magnitude of the input. Allo wing the C^ term in allows 
th ecomplex gain to be varied in response to the square of the. 
i nput magnitude. 

FIG. 4 illustrates a detailed block diagram of an exem- 
plary predistortion circuit. According to an exemplary 35 
embodiment, the predistortion circuit of FIG. 4 corresponds 
to the PreD 37 of FIG. 3. It should be understood, however, 
that the invention is not so limited, and the predistortion 
circuit according to the present invention can be imple- 
mented in any system for which third and higher order IMD 40 
compensation is desirable. 

Referring to FIG. 4, the input RF signal RFi (which, 
according to an exemplary embodiment, corresponds to the 
signal X in FIG. 3) is a pplied to aninpuLdetec tor comq risin g 
a Mixer 48 and a Limiting Amplifie,r-4£.^T h6 input detector 45 
detects^hcenveibpe of the input RF signal. This makes the 
predistortion virtually independent of the tone frequency. 
The detected envelope is applied to a Variable Saturation 
Amplifier (VSA) 50. The VSA 50 effectively enables clip- 
ping of the detected envelope with a clip level that can be 50 
controlled externally via a control voltage applied at termi- 
nal C3. According to an exemplary embodiment, the clip- 
ping shape approximates that of a hyperbolic tan (tanh) 
function which prevents the envelope from exceeding a 
certain value. This prevents the PreD 37 from making 55 
grossly inaccurate pre-corrections when large peaks are 
present in the detected envelope. 

The clipped signal from the VSA 50 is appUed to a 
Variable Gain Amplifier (VGA) 51. The VGA 51 scales the 
clipped signal and enables the entire PreD 37 circuit to be 60 
switched off or progressively disabled in response to a 
control voltage applied at terminal C4. 

The scaled output of the VGA 51 represents the pre- 
processed enveiDperQ^^e.^F input. This signal, |x|, is 
squared in a^^uarer SZlp^eld |x|hu 2. In order to generate 65 
the functions gi^D-b^f^^iations 2a and 2b, both |x| and \x\^ 
are applied to four linear output multiplier circuits 53, 54, 



55, and 56. These multipliers multiply |x| and |x|^ by C^f, C^i* 
C^^ and Cj^ respectively. The multiphed signals are added 
by Summers 57 and 59 and buffered in Buffers 58 and 60 to 
yield the two outputs PRI and PRQ, respectively. These 
outputs represent the higher order terms of Equations 2a and 
2b, i.e. PRI=|x|^C^.+|x|C,, and PRQ^IxJ^C^ +|x|C, The 
lower order terms (Cq,- and Cqj) of Equations 2a and zb are 
subsequently added to PRI and PRQ by Summers 38 and 39 
to give p,. and p^ respectively. 

Although described above in gain-based form, the pre- 
distortion system can also be described by an input to output 
transfer function by expanding Equation 3 as follows: 



r ~ JcW^ C2 + x\x\Ci + xCq 



(3) 



Equation 5 shows that the predistorted signal r contains a 
first order term xCq for compensating for first order IMD, a 
third order term xlxpCj for compensating for third order 
IMD, and an additional term x|x|Ci which compensates for 
many IMD products well beyond the third order IMD 
products, thus affording effective linearization performance 
for high order IMD products. This can be better understood 
with reference to FIGS. 5A-5C which illustrate the behavior 
of the terms of the predistorted signal r, excluding the 
coefficients, in the frequency domain. As can be seen from 
FIGS. 5A and 5C, the first order term x provides for first 
order predistortion, and the term x|xp provides substantially 
third order predistortion. FIG. 5B shows, however, that the 
term x|x| provides for predistortion well beyond the third 
order. 

In addition to providing predistortion for higher order 
IMD products, the x|x| term is well behaved with regard to 
dynamic range. As can be seen from FIGS. 6A-6C, which 
illustrate the behavior of the predistorted signal terms in the 
time domain, the amplitude of these terms changes more 
rapidly, i.e., rises and falls faster, with every order of |x|. 
Similarly, comparing x|x| with alternative high order terms, 
e.g., x^, x^, etc., when the ampUtude of x is relatively large 
(>1), the amplitudes of the ahemative high order terms rise 
faster than the amplitude of the x|x| term, and wiU thus reach 
chp limits earlier in an electronic embodiment. When x is 
relatively small (<1), the ampUtudes of the alternative high 
order terms fall faster than the amplitude of the x|x| term and 
will thus approach the noise floor much faster in an elec- 
tronic embodiment. The x|x| term thus simplifies the elec- 
tronic implementation of the predistortion circuit, especially 
when deeding with multi-tone signals which inherently have 
a high dynamic range. 

FIG. 7A illustrates an exemplary method for compensat- 
ing for distortion according to an embodiment of the present 
invention. The method begins at step 700 at which an input 
multi-tone RF signal is received. At step 720, the predistor- 
tion signal is generated. At step 740, the predistortion signal 
is applied to the input multi-tone RF signal. After the 
predistortion signal is applied, the input multi-tone RF 
signal is, for example, ampUfied, and the IMD produced by 
the amplifier is compensated for by the predistortion signal. 
As shown in FIG. 7A, the predistortion method is repeated 
for as long as the input RF signal is received. 

FIG. 7B illustrates an exemplary method for generating a 
predistortion signal according to an embodiment of the 
present invention. The method begins at step 722 at which 
the envelope of the input multi-tone RF signal is detected. 
The detected envelope is clipped at step 724 and scaled at 
step 726. Next, at step 728, coefficients are adjusted by the 
Controller 40, based, for example, on a detected error 
between the input of the amplifier and the output of the 
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amplifier. Finally, at step 730, the polynomial predistortion 
signal is computed by multiplying the coefficients adjusted 
by the Controller 40 with the detected envelope. 

According to the invention, average IMD performance 
can be improved over a widebandwidth while reducing 
incorrect predistortion at peak input levels. In experimental 
tests with a center frequency of 1500 MHz and an average 
output power of 25 Watts (W), an improvement of more than 
10 decibels (dB) average IMD was realized without destroy- 
ing peak IMD performance over at least 10 MHz of band- 
width. Hie predistortion technique according to the present 
invention can be applied at nearly any carrier frequency with 
very little modification. 

It will be understood that the invention is not limited to 
the particular embodiments that are described and illustrated 
above. For example, although the embodiments above are 
described with reference to compensating for distortion 
caused by a non-linear amplifier, the invention can be 
applicable to compensate for IMD from any source. In 
addition, although the input RF signal has been described 
above as a multi-tone RF signal, it should be appreciated that 
the invention is also applicable to single tone RF input 
signals. The specification contemplates any and all modifi- 
cations that fall within the scope of the invention as defined 
by the following claims. 

What is claimed is: 

1. An apparatus for compensating for distortion over a 
wideband, the apparatus comprising: 

means for receiving an input wideband radio frequency 

signal; 

predistortion circuitry which includes means for generat- 
ing a wideband predistortion signal which is a low 
order polynomial and which compensates for third 
order and higher order intermodulation distortion prod- 
ucts; and 

a circuit for applying the wideband predistortion signal to 
the input wideband radio frequency signal. 

2. The apparatus of claim 1, wherein said circuit for 
applying the wideband predistortion signal comprises: 

means for applying the wideband predistortion signal to a 
multi-tone radio frequency signal. 

3. Tlie apparams of claim 1, wherein the circuit for 
applying the predistortion signal comprises a quadrature 
gain phase adjuster. 

4. The apparatus of claim 1, wherein the low order 
polynomial predistortion signal is a third order polynomial 
according to the following equation: 

rs AA^C2 4-x|;k|Cj ^-xCq 

where r represents a predistorted radio frequency signal, x 
represents the input radio frequency signal, and Q^y and 
Cq represent adjustable complex control coefficients. 

5. The apparatus of claim 1, further comprising a con- 
troller for adjusting the predistortion signal generated by the 
predistortion circuitry. 

6. The apparatus of claim 1, wherein the intermodulation 
distortion products are produced by a nonlinear amplifier, 
and the predistortion signal is applied to the input radio 
frequency signal prior to amplification in the nonlinear 
amplifier. 

7. The apparatus of claim 6, wherein the controller adjusts 
the predistortion signal based on a difference between an 
output of the amplifier and the input radio frequency signal. 

8. The apparatus of claim 1, wherein the predistortion 
circuitry comprises an envelope detector for detecting an 
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envelope of the input radio frequency signal, and wherein 
the predistortion circuitry generates the predistortion signal 
based on the detected envelope. 

9. The apparatus of claim 8, wherein the predistortion 
5 circuitry comprises a variable saturation amplifier for clip- 
ping the detected envelope to approximately a hyperbolic 
tan shape. 

10. The apparams of claim 9, wherein the predistortion 
circuitry comprises a variable gain amplifier for scaling the 

10 clipped envelope. 

11. The apparatus of claim 1, wherein said predistortion 
circuitry comprises: 

a predistortion circuit for generating non-zero order terms 
associated with the low order polynomial predistortion 
signal; and 

a controller for generating a zero order term associated 
with the low order polynomial predistortion signal. 

12. A method of compensating for distortion over a 
wideband, the method comprising the steps of: 

receiving an input wideband radio frequency signal; 

generating a wideband predistortion signal, which is a low 
order polynomial; and * 

applying the wideband, low order polynomial predistor- 
^ tion signal to the input wideband radio frequency 
signal, wherein the wideband, low order polynomial 
predistortion signal contains terms that compensate for 
third order and higher order intermodulation distortion 
products. 

13. The method of claim 12, wherein the input radio 
frequency signal is a multi-tone radio frequency signal. 

14. The method of claim 11, wherein the low order 
polynomial predistortion signal is generated according to the 
following equation: 

35 

r = A^Ci + AACi + jeCo 

where r represents a predistorted radio frequency signal, x 
^ represents the input radio frequency signal, and C^, and 
Cq represent adjustable complex control coefficients. 

15. The method of claim 12, further comprising a step of 
adjusting the predistortion signal. 

16. The method of claim 12, wherein the intermodulation 

45 

distortion products are produced by a nonlinear amplifier, 
and the predistortion signal is appUed to the input radio 
frequency signal prior to amplification by the nonlinear 
amplifier. 

17. The method of claim 16, wherein the predistortion 
signal is adjusted based on a detected difference between the 
amplifier output and the input radio frequency signal. 

18. The method of claim 12, wherein the step of gener- 
ating the predistortion signal comprises the steps of: 

ss detecting an envelope of the input radio frequency signal; 
and 

generating the predistortion signal based on the detected 

envelope. 

19. The method of claim 18, wherein the step of gener- 
ic ating the predistortion signal comprises a step of clipping the 

detected envelope to approximately a hyperbolic tan shape. 

20. The method of claim 19, wherein the step of gener- 
ating a predistortion signal comprises a step of scaling the 
detected envelope. 

65 

4( 9K * « * 
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